Introduction {#sec1}
============

Pompe disease (also called acid maltase deficiency or glycogen storage disease type II) is an autosomal recessive disorder of glycogen metabolism that is caused by pathogenic mutations in the acid alpha-glucosidase (*GAA*) gene. The GAA enzyme carries out its function, the hydrolysis of glycogen to glucose, in the lysosomes. A total loss or functional deficiency of the GAA enzyme results in a buildup of glycogen within the lysosomes, leading to damage in multiple organs and tissues, particularly skeletal, cardiac, and smooth muscles.[@bib1], [@bib2], [@bib3]

When the residual enzyme activity is extremely low (less than 1% normal), the disease presents soon after birth with profound muscle weakness and poor muscle tone, hypertrophic cardiomyopathy, and respiratory insufficiency. If left untreated, most babies die from cardiac failure before their first birthday. This most severe form of the disease is classified as infantile-onset Pompe disease (IOPD).[@bib4], [@bib5] The enzyme activity above 1% normal (up to 30%) is compatible with a less devastating clinical course. Affected individuals experience symptoms of progressive muscle weakness, which arise in early childhood, adolescence, or adulthood. This so-called milder form is classified as late-onset Pompe disease (LOPD), in which cardiac defects are usually absent. Nonetheless, muscle weakness, in particular the diaphragm, leads to serious breathing problems and respiratory failure.[@bib2], [@bib6]

Justifiably, Pompe disease has long been considered a muscle disorder.[@bib1], [@bib3] However, autopsy reports, dated almost half a century ago, documented abnormal glycogen accumulation in the brain and the spinal cord of Pompe disease infants.[@bib7], [@bib8], [@bib9] More recent studies confirmed these findings: diffuse glycogen storage in multiple tissues, including the CNS, was detected at autopsies of individuals with IOPD[@bib10], [@bib11] and of the affected fetus in the second trimester.[@bib12] The clinical consequences of these abnormalities became evident because of the significant increase in life expectancy of infants due to the introduction of enzyme replacement therapy (ERT) with recombinant human GAA (rhGAA, Alglucosidase alfa). One of the greatest benefits of ERT, the only available therapy for Pompe disease, has been its sustained improvement of cardiac abnormalities and prevention of cardiac failure.[@bib13], [@bib14] On the other hand, the limitations of ERT include poor targeting of the rhGAA to skeletal muscle, immune response to the exogenous protein (particularly harmful in those who produce no endogenous GAA), and the inability of the drug to cross the blood-brain barrier.[@bib15], [@bib16]

The changes brought about by ERT altered the natural course of IOPD and resulted in the emergence of a new phenotype in long-term survivors: among other symptoms, the patients suffer from gross motor and facial muscle weakness, ptosis, speech difficulties, dysphagia, orthopedic deformities, respiratory problems, and neurological abnormalities.[@bib17], [@bib18], [@bib19], [@bib20] A severe progressive neurodegenerative process affecting the motor neurons has been reported in an infantile patient on therapy.[@bib21] More recent studies using brain MRI revealed slowly progressive white matter abnormalities in ERT-treated long-term survivors. Although neurophysiological tests showed overall stable cognition, learning disability is an emerging feature of the disease.[@bib16], [@bib22], [@bib23]

The contribution of neurological deficits to the pathophysiology of the disease resulting from glycogen storage in the brain, the spinal cord, and in respiratory-related motoneurons (in particular, phrenic motoneurons) has been also highlighted in GAA-knockout (GAAKO) mice, a model of Pompe disease.[@bib19], [@bib24], [@bib25], [@bib26] Complex neuropathological changes in the spinal cord of GAAKO mice were documented by genome-wide screening of mRNA expression and histological analysis.[@bib25] Reversal of the CNS pathology in GAAKO mice was achieved by intrathecal administration of adeno-associated virus (AAV)9 or AAVrh10 vectors expressing hGAA; although muscle glycogen content was not affected by this treatment, muscle strength was partially restored, again suggesting that motor weakness in Pompe disease was not caused by muscle pathology alone.[@bib27]

Thus, clinical findings and studies in mice underscore the need for targeting both skeletal muscle and the nervous system in Pompe disease. Here we demonstrate the feasibility of correcting the CNS and muscle defects by AAV-mediated gene therapy in GAAKO mice using a novel AAV9 variant, AAV-PHP.B.[@bib28] Intravenous administration of an AAV-PHP.B vector expressing hGAA increases GAA activity and reduces glycogen in both types of tissues. Furthermore, we have used a much-expanded set of behavioral tests to demonstrate that motor, sensory, and cognitive abnormalities in GAAKO mice can be rescued.

Results {#sec2}
=======

Age-Dependent Glycogen Accumulation in the Brain and Spinal Cord of GAAKO Mice {#sec2.1}
------------------------------------------------------------------------------

Glycogen accumulation in the CNS of GAAKO mice has been recently reported.[@bib19], [@bib24], [@bib27] We have expanded this study and examined the extent of glycogen storage in various regions of the brain and spinal cord of GAAKO mice at different ages. Occasional periodic acid-Schiff (PAS)-positive structures, indicative of an excess amount of glycogen, were already seen in the cerebral cortex, midbrain, hindbrain, and cerebellum at 2 weeks of age. At 1 month of age, moderate glycogen accumulation was observed in all regions of the brain. By 3 months of age, there was a striking increase in the amount of accumulated glycogen, and by 12 months the pathology could be characterized as extensive ([Figure 1](#fig1){ref-type="fig"}). Glycogen was detected in both neuronal and glial cells; the latter appear to accumulate more glycogen than the former ([Figure 1](#fig1){ref-type="fig"}, insets) in most regions of the brain, with the exception of the hindbrain, where both cell types seemed to have equal glycogen load ([Figure 1](#fig1){ref-type="fig"}, insets of area 6). Notably, massive glycogen accumulation was detected in the glomerular layer in the olfactory bulbs, the Purkinje cell layer, white matter in the cerebellum, and the hindbrain. Also, the coronal sections of the corpus callosum and hippocampus area from 6-month-old GAAKO mice showed intense glycogen staining ([Figure S1](#mmc1){ref-type="supplementary-material"}). Similar to what was observed in the brain, PAS-positive structures were present in the spinal cord at 2 weeks of age and continued to grow with age; glycogen accumulation was most prominent in the neurons in the gray matter ([Figure 2](#fig2){ref-type="fig"}).Figure 1Age-Dependent Glycogen Accumulation in the Brain of GAAKO MiceParaffin-embedded sagittal sections of the brain from GAAKO mice at different ages were stained with Schiff's reagent (see the [Materials and Methods](#sec4){ref-type="sec"}) for the detection of glycogen. The images were taken from the following various brain regions: olfactory bulb (1), cerebral cortex (2 and 3), midbrain (4), cerebellum (5), and hindbrain (6). Arrows in the insets point to glial cells (G) and neurons (N). PAS staining shows progressive accumulation of glycogen (purple) in the glomerular layer of the olfactory bulb, the Purkinje cell layer, and white matter of the cerebellum and in both neuronal and glial cells of the hindbrain. ML, molecular layer; WM, white matter; GL, granular layer; P, Purkinje cell.Figure 2Age-Dependent Glycogen Accumulation in the Spinal Cord of GAAKO MiceParaffin-embedded sections of the spinal cord from GAAKO mice at different ages were stained with Schiff's reagent for the detection of glycogen. The images of both dorsal and ventral horn show progressive accumulation of glycogen in both glial cells (G) and neurons (N), particularly in the gray matter (GM).

AAV-PHP.B-GAA-Mediated Glycogen Clearance in the CNS and Skeletal Muscle of GAAKO Mice {#sec2.2}
--------------------------------------------------------------------------------------

For systemic delivery of the *GAA* transgene, we chose the AAV-PHP.B vector that was previously shown to have high transduction efficiency in mice.[@bib28], [@bib29] The 2-week-old GAAKO male mice were intravenously injected with the AAV-PHP.B-GAA vector at a dose of 5 × 10^12^ vg/kg (GAAKO-AAV), and the analysis was performed after 14 weeks. Age-matched untreated mice were used as controls (GAAKO-UT). AAV vector DNA in tissues was quantified by qPCR. The AAV copy number was high in the brain (4.82 ± 2.05), heart (6.38 ± 0.75), and liver (3.04 ± 0.60) and low but detectable in skeletal muscles (≤0.05) ([Figure 3](#fig3){ref-type="fig"}A). Exogenously expressed GAA protein was detected by western blotting in these tissues ([Figure 3](#fig3){ref-type="fig"}B).Figure 3AAV-PHP.B-GAA Increases GAA Activity and Reduces Glycogen in Various Tissues of GAAKO MiceAAV-PHP.B-GAA was injected intravenously into 2-week-old GAAKO mice (AAV) at a dose of 5 × 10^12^ vg/kg. Tissues were analyzed 14 weeks after the injection. Age-matched untreated GAAKO mice (UT) were used as controls. (A) AAV genome copy number was assessed by qPCR using hGAA primers. The graph shows the relative copy number in various tissues. Data represent mean ± SD (n = 3). (B) Western blot using anti-hGAA antibody confirmed the expression of GAA in all tissues examined; β-Actin was used as a loading control. (C and D) The treatment increased GAA activity (C) and decreased glycogen levels (D) in all tissues. CB, cerebellum; CTX, cerebral cortex; Quad, quadriceps; Gast, gastrocnemius; UT, untreated; AAV, AAV-PHP.B-GAA-treated mice. Data represent mean ± SD. \*p \< 0.05, \*\*\*p \< 0.001. WT (n = 3), GAAKO-UT (n = 7), and GAAKO-AAV (n = 5) for the brain and heart; WT (n = 4), GAAKO-UT (n = 8), and GAAKO-AAV (n = 8) for skeletal muscles and liver.

Next, we assessed GAA activities and glycogen levels in tissues from wild-type (WT), AAV-treated (GAAKO-AAV), and untreated (GAAKO-UT) mice. The enzyme activity increased significantly in all tissues of the AAV-treated mice, reaching WT levels in the brain and skeletal muscles and exceeding WT levels in the heart (20-fold of WT) and liver (2.3-fold of WT) ([Figure 3](#fig3){ref-type="fig"}C). Glycogen contents were reduced to WT levels in the brain, heart, and quadriceps, and they were significantly reduced in the gastrocnemius muscle of the AAV-treated GAAKO mice ([Figure 3](#fig3){ref-type="fig"}D). Consistent with measured glycogen levels, PAS-stained tissue sections from the AAV-treated GAAKO mice showed that all regions of the brain and spinal cord were free from PAS-positive structures ([Figure 4](#fig4){ref-type="fig"}); glycogen was completely cleared in the heart and tongue, and it was markedly reduced in the gastrocnemius and diaphragm ([Figure 5](#fig5){ref-type="fig"}).Figure 4The Effect of AAV-PHP.B-GAA on Glycogen Storage in the CNS of GAAKO miceRepresentative images of PAS-stained sections of the brain (A) and spinal cord (B) from WT, untreated (GAAKO-UT), and AAV-PHP.B-GAA-treated GAAKO mice (GAAKO-AAV). No glycogen accumulation is seen in the glomerular layer in the olfactory bulbs, Purkinje cell layer, the white matter of the cerebellum, and the neuronal and glial cells in the spinal cord. L1, layer 1; L2-3, layer 2-3; G, glial cell; N, neuron; P, Purkinje cell; ML, molecular layer; GL, granular layer; WM, white matter; GM, gray matter.Figure 5The Effect of AAV-PHP.B-GAA on Glycogen Storage in the Muscles of GAAKO miceRepresentative images of PAS-stained sections of the muscles from WT, untreated (GAAKO-UT), and AAV-PHP.B-GAA-treated GAAKO mice (GAAKO-AAV). No glycogen accumulation is seen in the heart and tongue. A decrease in the accumulation of glycogen is observed in the gastrocnemius muscle. The black arrows point to the areas of autophagic accumulation in the gastrocnemius muscle. Occasional PAS-positive structures are seen in the diaphragm from AAV-PHP.B-GAA-treated mice.

The effect of AAV-mediated gene therapy was also evaluated in GAAKO female mice. The outcome of the therapy was similar to that in GAAKO males ([Figure S2](#mmc1){ref-type="supplementary-material"}). As expected, the levels of creatine kinase (CK) activity were increased in untreated GAAKO mice. In contrast, the enzyme activity was significantly reduced in AAV-treated compared to untreated GAAKO and reached WT levels ([Figure S3](#mmc1){ref-type="supplementary-material"}). Taken together, these data suggest that the AAV-PHP.B-mediated gene delivery of hGAA to GAAKO mice can reverse glycogen accumulation in the CNS (where the pathology was already detectable at the start of therapy) and prevent its further buildup.

The immune response to the introduced hGAA is a major concern for the ERT and AAV-mediated gene therapy for Pompe disease. Therefore, we examined the titers of anti-hGAA antibody using ELISA at 9 and 14 weeks after the AAV administration. As shown in [Figure S4](#mmc1){ref-type="supplementary-material"}, anti-hGAA antibodies were not detectable in the plasma from the AAV-treated GAAKO mice 14 weeks following the AAV administration. Thus, the successful transduction was achieved without the induction of neutralizing antibody against hGAA when mice were treated at a young age. In addition, no obvious signs of inflammation were observed by immunostaining with inflammatory marker TNF-α (tumor necrosis factor α) ([Figure S5](#mmc1){ref-type="supplementary-material"}).

Prevention of Autophagic Buildup in Skeletal Muscle {#sec2.3}
---------------------------------------------------

The accumulation of autophagic debris in skeletal muscle is a well-established secondary abnormality stemming from the lysosomal dysfunction in Pompe disease.[@bib30], [@bib31] As expected, skeletal muscle of untreated GAAKO mice at 4 months of age contained typical autophagic buildup, as shown by immunostaining of isolated muscle fibers with autophagic marker microtubule-associated protein 1A/1B-light chain 3 (LC3) and lysosomal marker lysosomal-associated membrane protein 1 (LAMP1) ([Figure 6](#fig6){ref-type="fig"}A, arrows). Remarkably, autophagic buildup was not seen in the fibers from the AAV-treated mice ([Figure 6](#fig6){ref-type="fig"}A). Consistent with PAS staining results, the size of lysosomes was manifestly reduced in the AAV-treated muscle, as shown by the dot-like shape of LAMP1-positive structures ([Figure 6](#fig6){ref-type="fig"}A). The reduction of autophagic buildup by the AAV treatment was also confirmed by western blotting, showing a marked decrease in the levels of the autophagy markers LC3 and p62 (sequestosome 1 \[SQSTM1\])[@bib32], [@bib33] ([Figure 6](#fig6){ref-type="fig"}B). Thus, early intervention prevents the development of detrimental autophagic buildup.Figure 6The Effect of AAV-PHP.B-GAA on Autophagy in the Skeletal Muscle of GAAKO Mice(A) Representative images of single muscle fibers from untreated (GAAKO-UT) and AAV-PHP.B-GAA-treated GAAKO mice (GAAKO-AAV); the fibers were isolated from gastrocnemius muscle and stained with autophagic marker LC3 (green) and lysosomal marker LAMP1 (red). White arrows point to a typical autophagic buildup in myofibers from untreated GAAKO mice. LC3-negative and LAMP1-positive dot-like structures are seen in fibers from GAAKO-AAV; this pattern is a commonly recognized characteristic of the wild-type fibers.[@bib85], [@bib86], [@bib87] The size of the lysosomes was measured and represented with the graph. Data represent mean ± SD. \*\*\*p \< 0.001; n = 30 for GAAKO-UT fibers; n = 50 for GAAKO-AAV fibers. (B) Representative images of western blot analyses of whole-muscle lysates with the indicated antibodies. Consistent with immunostaining results, the levels of LC3 and p62 (SQSTM) (an autophagic substrate) decreased significantly in AAV-PHP.B-GAA-treated gastrocnemius muscle. β-Actin was used as a loading control.

Improvement of Neurological Functions in GAAKO-AAV Mice {#sec2.4}
-------------------------------------------------------

To establish the association of glycogen accumulation in the CNS with neurological deficits and to assess the effect of therapy, we performed a plethora of behavioral tests to evaluate motor coordination and balance, sensory impairment, and cognition in WT, untreated, and AAV-treated GAAKO mice at 4 months of age.

The cylinder test, rotarod test, beam walking, and footprint were used for assessing coordination and balance. The cylinder test is a sensitive and easy neurological test to detect spontaneous forelimb asymmetry; this test has been routinely used to evaluate motor coordination in stroke models.[@bib34], [@bib35] An affected mouse often shows asymmetric forelimb usage while rearing within an open-top transparent cylinder. The percentage of one forepaw contact (asymmetric forelimb use) was significantly higher in the untreated GAAKO than in the WT, but it lowered to near WT level in the AAV-treated mice ([Figure 7](#fig7){ref-type="fig"}A; see also [Video S1](#mmc2){ref-type="supplementary-material"}). The rotarod test is widely used to assess motor coordination and balance in mice.[@bib35] The rotarod time (latency to fall) was significantly decreased in the untreated GAAKO compared to the WT, but it became almost indistinguishable from WT controls after the AAV treatment ([Figure 7](#fig7){ref-type="fig"}B; see also [Video S2](#mmc3){ref-type="supplementary-material"}). The beam-walking test, which measures the time spent to cross a narrow beam from one end to the other,[@bib36] also showed an impairment in the untreated GAAKO mice compared to the AAV-treated or WT mice ([Figure 7](#fig7){ref-type="fig"}C; see also [Videos S3](#mmc4){ref-type="supplementary-material"} and [S4](#mmc5){ref-type="supplementary-material"}). Gait impairment resulting from neuromuscular defect is a typical manifestation in patients with Pompe disease.[@bib37] Wadding gait caused by severe muscle atrophy was also reported in aged GAAKO mice.[@bib38] To examine early gait abnormalities in GAAKO mice, we used a footprint assay to record the walking patterns and measure the distance between the fore and hind paws. The untreated GAAKO mice showed abnormal walking patterns (such as foot drag and missteps) and reduced fore-to-hind paw distance compared to WT mice; in contrast, the AAV-treated GAAKO mice showed a gait pattern similar to that in WT mice ([Figures 7](#fig7){ref-type="fig"}D and 7E).Figure 7The Effect of AAV-PHP.B-GAA on Behavioral Defects in GAAKO MiceMotor coordination and balance were assessed by the cylinder (A; see also [Videos S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"}), beam walking (B; see also [Videos S3](#mmc4){ref-type="supplementary-material"} and [S4](#mmc5){ref-type="supplementary-material"}), rotarod (C), and footprint tests (D and E). The percentage of one-fore paw contacts in the cylinder test, the latency to traverse beam, and the distance between fore (red) and hind (blue) paws in the footprint test were significantly lower (reaching the WT levels) in GAAKO-AAV compared to GAAKO-UT mice. The latency to fall off the rotarod increased to the WT levels and was significantly higher in treated mice compared to untreated animals. (F) The sensory defect was evaluated by the von Frey test. The hind paw withdrawal threshold was dramatically increased in GAAKO mice but returned to the WT level following AAV-PHP.B-GAA treatment. (G) The cognitive impairment was measured by the object recognition memory test. The cartoon shows the experimental design. The percentage of time spent with the novel object was significantly lower in the GAAKO compared to the WT mice; the performance improved in GAAKO-AAV mice. All the performance tests were conducted at 4 months of age. Data represent mean ± SD. Each dot indicates one individual mouse. \*p \< 0.05, \*\*p \< 0.01, \*\*\*p \< 0.001, \*\*\*\*p \< 0.0001. UT, untreated; AAV, AAV-PHP.B-GAA treated.

Video S1. Cylinder Test for Untreated GAAKO Mouse

Video S2. Cylinder Test for AAV-Treated GAAKO Mouse

Video S3. Beam Walking Test for Untreated GAAKO Mouse

Video S4. Beam Walking Test for AAV-Treated GAAKO Mouse

The von Frey test (pain test) was performed to assess the sensory impairment (peripheral neuropathy) using von Frey filaments. The test measures mechanical sensitivity based on the thresholds of hind paw withdrawal in response to the filament stimulus using up and down method.[@bib39] The withdrawal threshold increased dramatically in the untreated GAAKO mice (severe sensory impairment) compared to the WT mice, but it returned to near normal in AAV-treated mice ([Figure 7](#fig7){ref-type="fig"}F). Finally, we evaluated cognition ability by a novel object recognition test, which is designed to assess recognition memory exploiting the natural propensity of rodents to spend more time exploring novel objects.[@bib40], [@bib41] The untreated GAAKO spent less time exploring a novel object than did WT mice; the condition was significantly improved in the AAV-treated mice ([Figure 7](#fig7){ref-type="fig"}G).

Taken together, these testing results suggest that the accumulation of glycogen in the brain affects neurological functions in GAAKO mice and that these abnormalities can be prevented by the AAV-PHP.B-mediated gene therapy.

Discussion {#sec3}
==========

Pompe disease is an autosomal recessive disorder resulting from mutations in a single gene, and as such it is an excellent candidate for gene therapy. In this study, we have applied *in vivo* gene therapy to rescue the metabolic and functional defects in GAAKO mice by a single administration of AAV vector containing a regulatory cassette to drive GAA expression (AAV-PHP.B- chicken β-actin \[CB\]-hGAA) in the heart, skeletal muscles, and CNS. Gene therapy has been an area of great interest in this illness because it offers an attractive alternative to ERT, the only FDA-approved treatment for Pompe disease patients. ERT involves lifelong intravenous infusions of a high dose, as high as 40 mg/kg/week or even twice a week, of the recombinant enzyme.[@bib42], [@bib43] Unlike ERT, gene therapy could provide equal or better outcome while requiring only a single administration.[@bib44]

Furthermore, the advantages of gene therapy for Pompe disease go well beyond the cost and convenience for the patients. A decade of experience with ERT has demonstrated that the recombinant enzyme fails to fully correct the pathology in skeletal muscle---a major disease-relevant tissue. This shortcoming is primarily due to the inefficient uptake and lysosomal targeting of the drug in muscle.[@bib45], [@bib46] Persistent muscle weakness can lead to respiratory insufficiency in both IOPD and LOPD patients despite ongoing ERT.[@bib20], [@bib47], [@bib48] Therefore, it is not surprising that the initial gene therapy approaches focused on achieving therapeutic levels of the enzyme in skeletal muscle.

Among different viral vectors tested in GAAKO mice, AAV has become the vector of choice for Pompe disease gene therapy because of the ability of the virus to infect both dividing and non-dividing cells and to provide high transduction efficiency in different target tissues; also, unlike the WT virus, the recombinant vectors (rAAVs) do not integrate into the host genome and remain mainly episomal.[@bib49] Multiple studies, including ours, explored muscle targeting by the direct injection of AAV vectors expressing GAA under the control of muscle-specific promoters. This approach resulted in an increased expression of GAA protein in KO mice,[@bib50], [@bib51] but glycogen reduction was limited to the injected muscle, without metabolic cross-correction in other muscle groups. Systemic delivery of AAV vectors of different serotypes expressing hGAA driven by muscle-specific promoters yielded better, although variable, results.[@bib51], [@bib52] AAV-mediated liver-targeted therapy has also been extensively studied in preclinical settings; high levels of liver transduction resulted in GAA secretion in the circulation and uptake by the peripheral organs, including muscle.[@bib53], [@bib54], [@bib55]

As our understanding of the pathophysiology of Pompe disease has changed in recent years, it became clear that, even if muscle pathology is fully reversed, muscle weakness and respiratory problems may still persist because of the neurological deficits due to excessive glycogen accumulation in the spinal cord, particularly in phrenic motoneurons.[@bib19], [@bib56], [@bib57] Indeed, in a series of preclinical studies, neuromuscular improvement was achieved following spinal, intrathecal, or intracerebroventricular delivery of AAV-GAA, although muscle glycogen storage remained the same as in untreated GAAKO mice.[@bib27], [@bib58], [@bib59] The capacity of AAV for retrograde movement and transduction of phrenic motor neurons was explored in preclinical trials and in the first-in-human trial of diaphragmatic gene therapy (AAV1-cytomegalovirus \[CMV\]-GAA) in five children with IOPD who required assisted ventilation prior to the study.[@bib60], [@bib61], [@bib62], [@bib63] The study demonstrated the safety of the AAV treatment and resulted in modest therapeutic benefits.

The approach we used to deliver the transgene to GAAKO mice reflects the most currently held view that the reversal of the pathology in the heart, skeletal muscle, and CNS is necessary for the phenotypic correction in Pompe disease. Progressive accumulation of glycogen in the brain of infantile patients was known for decades, but the clinical consequences of the pathology did not seem particularly important because the patients suffered from severe cardiac and muscle abnormalities and most died before 1 year of age. The circumstances changed dramatically with the introduction of ERT; the neurological and cognitive aspects came to light in long-term survivors with IOPD, many of whom are now in their teens.[@bib16] Given the persistence of muscle involvement, the assessment of the cognitive abilities in ERT-treated children and youngsters with IOPD is a challenging task. Our own studies on the developmental and academic outcomes in a group of adolescents with IOPD emphasize the variability among the patients, and they suggest a learning rather than intellectual disability in long-term survivors.[@bib64]

In this study, we provide morphological evidence of progressive glycogen accumulation in different regions of the brain and spinal cord, and we apply several tests, including some that were never used before in this model, to evaluate both motor and cognitive changes in GAAKO mice. Importantly, we have demonstrated that the previously unrecognized early neurological abnormalities can be detected by 4 months of age. This new set of behavioral tests can be used to evaluate the effect of different therapies in GAAKO mice. Perhaps, no less important, we have shown that these neurological abnormalities can be prevented by the CNS-targeted gene therapy.

The AAV vector we chose for the study was a novel variant isolated from a library of AAV9-derived capsids, called PHP.B, which was recently shown to have high transduction efficiency in the CNS after intravenous injection.[@bib28] However, more recent studies indicated that this exceptionally high CNS tropism of PHB.P capsid appears to be limited to the transgenic mouse model (Cre transgenic mouse on a C57BL/6J background) in which it was selected; the enhanced blood-brain barrier (BBB) penetrance of AAV-PHP.B was not replicated in other mouse strains.[@bib65] In non-human primates, the CNS transduction efficiency was also comparable between the PHP.B and original AAV9 vectors, except for the peripheral dorsal root ganglia neurons, in which the effect of AAV-PHP.B was more pronounced.[@bib66]

Nonetheless, the transduction efficiency of PHB.P-CB-hGAA was high enough to prevent glycogen accumulation in the brain of GAAKO mice and to rescue the associated neurological phenotype. The copy number in skeletal muscle was lower than in other tissues, but the therapeutic levels of GAA activity were achieved, leading to the correction of muscle pathology. GAA activity was particularly high in the heart of AAV-treated GAAKO mice without causing obvious toxicity. It is well established that cardiac muscle responds well to ERT; however, recent research indicated that, although cardiac failure is no longer the cause of death in IOPD on ERT, the long-term survivors are still at risk of cardiac rhythm disturbances,[@bib67] suggesting that gene therapy may outperform ERT in preventing cardiovascular complications.[@bib68]

Apart from the inability to cross the BBB, the efficacy of ERT is negatively affected by the immune responses provoked by the therapeutic enzyme. High antibody titers are inevitably associated with clinical decline and even death.[@bib69], [@bib70] Similarly, an immune response against the expressed vector-encoded GAA poses a challenge for gene therapy. By harnessing the unique tolerogenic properties of the liver, we and others explored the benefits of liver-targeted gene therapy with or without ERT.[@bib54], [@bib55], [@bib71] Indeed, immunotolerance was established in adult GAAKO mice following the administration of AAV vector carrying the hGAA transgene under the control of a liver-specific promoter (AAV-LSP-hGAA); in contrast, AAV vector carrying hGAA under the control of the ubiquitous CMV enhancer/CB promoter (AAV-CB-hGAA) failed to induce immunotolerance, but a significant therapeutic benefit could be achieved by co-administration of the tolerogenic AAV8-LSP-hGAA and immunogenic AAV8-CB-hGAA vectors.[@bib72], [@bib73] These data underscore a major challenge facing the development of a gene therapy for genetic disorders, including Pompe disease: how to attain the therapeutic levels of transduction in the target tissues while preventing immune responses. In our study, we succeeded in both by initiating the therapy in young (2-week-old) GAAKO mice by using AAV-PHP.B-CB-hGAA, which allowed for efficient transduction in the heart, skeletal muscle, and CNS, leading to the correction of biochemical defects and to the phenotypic rescue.

Materials and Methods {#sec4}
=====================

AAV Vector Production {#sec4.1}
---------------------

The AAV-PHP.B capsid plasmid was a gift from Dr. Benjamin Deverman of the California Institute of Technology.[@bib28] The AAV-CB-hGAA vector[@bib74] containing a universal CMV enhancer/CB) hybrid promoter, the hGAA cDNA, and the human growth hormone polyadenylation sequence was packaged as AAV-PHP.B in HEK293T cells using phosphate-mediated transfection; the viral vector was purified using the iodixanol gradient ultracentrifugation method.[@bib75] The titer of the viral stock was determined using purified viral DNA and Southern blotting with a biotin-labeled probe generated with Prime-A-Gene labeling kit (Promega, Madison, WI, USA). The viral vector stock was handled according to Biohazard Safety Level 2 guidelines published by the NIH.

Animals and Virus Administration {#sec4.2}
--------------------------------

Animal care and experiments were conducted in accordance with Duke University Institutional Animal Care and Use Committee-approved guidelines. The 2-week-old male GAAKO[@bib76] mice received a single intravenous (via the retro-orbital sinus) injection of the AAV-PHP.B-GAA vector at a dose of 5 × 10^12^ vector genome (vg)/kg. Gender- and age-matched untreated GAAKO and C57BL/6J WT (from Jackson Laboratory) mice were included as controls. All mice were tested for functional performance and then sacrificed at 4 months of age (14 weeks after the AAV injection) to collect tissues and blood. Fresh tissue specimens were either immediately frozen on dry ice and stored at −80°C until use for biochemical analyses or fixed for histology.

AAV Copy Number Determination {#sec4.3}
-----------------------------

DNA was extracted from frozen tissues using the Wizard Genomic DNA Purification kit (Promega, Madison, WI, USA). Real-time qPCR was performed using SYBR Green (Roche, Basel, Switzerland) primer pairs 5′-AGTGCCCACACAGTGCGACGT-3′ and 5′-CCTCGTAGCGCCTGTTAGCTG-3′ for hGAA and 5′-AGAGGGAAATCGTGCGTGAC-3′ and 5′-CAATAGTGATGACCTGGCCGT-3′ for mouse β-actin.[@bib74] The AAV-CB-GAA plasmid DNA was used to generate the standard curve for viral vector copy number calculation.

PAS Staining {#sec4.4}
------------

Sections of paraffin-embedded tissues were PAS stained as described,[@bib77], [@bib78] with some modifications. Briefly, non-muscle tissues were fixed in 10% neutral-buffered formalin (NBF) for 48 h. After primary immersion fixation, the samples were post-fixed with 1% periodic acid (PA) in 10% NBF for 48 h at 4°C. The samples were then washed with PBS, dehydrated with ascending grades of alcohol, cleared with xylene, and infiltrated with paraffin. Gastrocnemius muscle was fixed in 3% glutaraldehyde in 0.2 M sodium cacodylate buffer for 24 h, washed with 0.1 M sodium cacodylate buffer, and processed the same way as the post-fixed non-muscle tissues. Sections of paraffin-embedded samples (5-μm thickness) were deparaffinized and re-hydrated. The slides were oxidized with freshly made 0.5% PA for 5 min and rinsed with distilled water for 1 min. The slides were then stained with Schiff reagent for 15 min and washed with tap water for 10 min. The slides were counterstained with hematoxylin and rinsed with tap water, incubated with bluing reagent for 1 min, dehydrated, and mounted. The images were taken on a BZ-X710 microscope (Keyence America, Itasca, IL, USA). The images represent four animals for each condition.

Western Blot {#sec4.5}
------------

Tissues were homogenized on ice in RIPA buffer (PBS containing 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, and a protease and phosphatase inhibitor cocktail \[Cell Signaling Technology, Danvers, MA, USA\]) using a glass homogenizer. Lysates were cleared by centrifugation at 18,000 × *g* at 4°C for 15 min. The protein concentration of the supernatants was measured using the bicinchoninic acid (BCA) assay. Equal amounts of protein were run on SDS-PAGE gels and transferred to nitrocellulose membrane. The membranes were blocked in 3% BSA in phosphate buffered saline with Tween 20 (PBST), incubated with primary antibodies overnight at 4°C, washed, incubated with secondary antibodies, washed again, and developed using an ECL kit (Bio-Rad, Hercules, CA, USA). The images were obtained by the image analyzer (Bio-Rad, Hercules, CA, USA). The following antibodies were used: anti-LC3B (L7543) and anti-β-Actin (A3854) were from Sigma-Aldrich (St. Louis, MO, USA), and anti-SQSTM1 (ab56416) was from Abcam (Cambridge, MA, USA).

GAA Activity and Glycogen Assay {#sec4.6}
-------------------------------

GAA activity assay was performed using 4-methylumbellifery-α-D-glucoside (4-MU) as described.[@bib79] Briefly, tissues were homogenized in distilled water (1 mg/20 μL water) using a homogenizer, followed by sonication for 15 s and centrifugation at 18,000 × *g* at 4°C for 15 min. For the GAA activity assay, 20 μL 2.2 mM 4-Methylumbellifery-α-D-glucoside (Sigma-Aldrich, St. Louis, MO, USA) in 0.2 M sodium acetate buffer (pH 4.3) was added to 10 μL of the supernatants. The mixtures were incubated for 1 h at 37°C, and the reaction was stopped by adding 0.5 M carbonate buffer (pH 10.5). Fluorescence (360 nm excitation, 465 nm emission) was measured on a victor X multilabel plate reader. 4-Methylumbelliferone (Sigma-Aldrich, St. Louis, MO, USA) was used as a standard. For measuring glycogen content, the 1:5 diluted lysates were boiled for 3 min (to inactivate endogenous enzymes) and incubated with 0.175 U/mL (final concentration in the reaction) amyloglucosidase (Sigma-Aldrich, St. Louis, MO, USA) for 90 min at 37°C. The reaction mixtures were then boiled again for 3 min to stop the reaction. 30 μL of the mixtures was incubated with 1 mL Pointe Scientific Glucose (Hexokinase) Liquid Reagents (Fisher, Hampton, NH, USA) for at least 10 min at room temperature (RT). The absorbance at 340 nm was read on a Shimadzu UV-1700 PharmaSpec UV-VIS Spectrophotometer. Protein concentration was determined by BCA assay and used to normalize the data.

Immunostaining of a Single Muscle Fiber {#sec4.7}
---------------------------------------

Muscle fixation, isolation of single fibers, and immunostaining were performed as described,[@bib80] with some modification. Briefly, isolated gastrocnemius muscles were fixed in 4% paraformaldehyde for 1 h at RT, washed with PBS, and incubated in cold methanol for 6 min at −20°C. The samples were then rinsed again with PBS and placed in a puddle of 0.04% saponin in PBS on a Sylgard-coated plate. Fibers were gently isolated from muscle bundles under a dissecting microscope. The isolated fibers were stained with anti-LC3 (Sigma-Aldrich, St. Louis, MO, USA) and anti-LAMP1 (BD Biosciences, Franklin Lakes, NJ, USA) antibodies using a M.O.M. kit (Vector Laboratories, Burlingame, CA, USA). The images were taken on a BZ-X710 microscope (Keyence, Itasca, IL, USA).

Accelerating Rotarod Test {#sec4.8}
-------------------------

Mice were trained on a rotarod (ENV-577M, Med Associates, Fairfax, VT, USA) by first allowing them to stay for 3 min on the drum, which was rotating at a constant speed of four rotations per min (waiting mode). Mice were then trained twice on a gradually accelerating rotarod (4.0--40 rpm). Trained mice were then tested during three sessions using an accelerating rotarod protocol, and the latency to fall was recorded. This routine provided at least 5 min of rest between the sessions.

Cylinder Test {#sec4.9}
-------------

Mice were placed in an 800-mL glass beaker and the vertical exploring movements were recorded for each animal for 3 min. A mirror was placed behind the cylinder to record all the rears (vertical movements with one or both forelimbs touching the walls of the cylinder). The number of rears during vertical exploration was recorded. Asymmetry in spontaneous forelimb usage was calculated by the ratio of one-to-both forelimb usage.

von Frey Test {#sec4.10}
-------------

The von Frey test was performed as described,[@bib39], [@bib81] with minor modifications. von Frey filament was applied to walking pads for at least 5 s, and the mouse hind paw withdrawal threshold was calculated using the up and down method.[@bib39]

Beam-Walking Test {#sec4.11}
-----------------

The beam-walking test was performed as described,[@bib82] with some modification. Briefly, mice were placed at one end of a beam (12 mm wide), and the time required to cross to the black box at the other end (800 mm away) was measured. Mice were trained twice before testing. Two successful trials in which the mouse did not stall on the beam were averaged.

Footprint Test {#sec4.12}
--------------

The footprint test was performed as described,[@bib83] with some modification. Paws were marked with edible ink (fore paws in red and hind paws in blue), and mice were allowed to walk on a piece of white paper. Two to four steps from the middle portion of each run were measured for fore-to-hind paw distance.

Novel Object Recognition Test {#sec4.13}
-----------------------------

The novel object recognition test was performed as described,[@bib84] with slight modifications. Briefly, a mouse was habituated in the empty open field (530 × 427 × 188 mm) for 5 min. After 24 h, two identical objects were placed in the open field, and the mouse was allowed to familiarize with the objects for 10 min. After an additional 24 h, one of the familiar objects was replaced with a novel object. The amount of time taken to explore the new object was measured during a 5-min session, and the percentage of time spent with the novel object to total exploration time was calculated.

Statistics {#sec4.14}
----------

Statistical significance was determined by unpaired two-tailed Student's t test using Prism software (GraphPad, La Jolla, CA, USA). Data are presented as mean ± SD; \*p \< 0.05 was considered statistically significant (\*\*p \< 0.01; \*\*\*p \< 0.001).
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